Jang HJ, Cho KH, Park SW, Kim MJ, Yoon SH, Rhie DJ. Layer-specific serotonergic facilitation of IPSC in layer 2/3 pyramidal neurons of the visual cortex. J Neurophysiol 107: 407-416, 2012. First published October 19, 2011 doi:10.1152/jn.00535.2011 inhibits the induction of longterm synaptic plasticity in layer 2/3 of the visual cortex at the end of its critical period in rats. However, the cellular and molecular mechanisms remain unclear. Since inhibitory influence is crucial in the induction of synaptic plasticity, the effect of 5-HT on inhibitory transmission was investigated in layer 2/3 pyramidal neurons of the primary visual cortex. The amplitude of inhibitory postsynaptic current (IPSC), but not excitatory postsynaptic current, evoked by stimulation of the underlying layer 4, was increased by ϳ20% with a bath application of 5-HT. The amplitude of miniature IPSC was also increased by the application of 5-HT, while the paired-pulse ratio was not changed. The facilitating effect of 5-HT on IPSC was mediated by the activation of 5-HT 2 receptors. An increase in intracellular Ca 2ϩ via release from inositol 1,4,5-trisphosphate (IP 3 )-sensitive stores, which was confirmed by confocal Ca 2ϩ imaging, and activation of Ca 2ϩ /calmodulin-dependent kinase II (CaMKII) were involved in the facilitation of IPSC by 5-HT. However, 5-HT failed to facilitate IPSC evoked by the stimulation of layer 1. These results suggest that activation of 5-HT 2 receptors releases intracellular Ca 2ϩ via IP 3 -sensitive stores, which facilitates GABA A ergic transmission via the activation of CaMKII in layer 2/3 pyramidal neurons of the visual cortex in a layer-specific manner. Thus facilitation of inhibitory transmission by 5-HT might be involved in regulating the information flow and the induction of long-term synaptic plasticity, in a pathwayspecific manner.
via release from inositol 1,4,5-trisphosphate (IP 3 )-sensitive stores, which was confirmed by confocal Ca 2ϩ imaging, and activation of Ca 2ϩ /calmodulin-dependent kinase II (CaMKII) were involved in the facilitation of IPSC by 5-HT. However, 5-HT failed to facilitate IPSC evoked by the stimulation of layer 1. These results suggest that activation of 5-HT 2 receptors releases intracellular Ca 2ϩ via IP 3 -sensitive stores, which facilitates GABA A ergic transmission via the activation of CaMKII in layer 2/3 pyramidal neurons of the visual cortex in a layer-specific manner. Thus facilitation of inhibitory transmission by 5-HT might be involved in regulating the information flow and the induction of long-term synaptic plasticity, in a pathwayspecific manner.
␥-aminobutyric acid; inhibitory transmission; 5-HT; CaMKII; IP 3 SEROTONIN (5-hydroxytryptamine, 5-HT), one of the major neuromodulators in the brain, has been implicated in many brain functions, such as memory, mood disorders, sleep, neuroendocrine control, sex behavior, feeding behavior, and epilepsy. The molecular mechanisms of 5-HT functions are diverse because of its multiple receptor subtypes (Barnes and Sharp 1999) , and thus the cellular functions might differ depending on the cellular expression of receptor subtypes in different brain areas. In the visual cortex, the expression of 5-HT receptor subtypes also changes during postnatal development in cats (Kojic et al. 2000) and rats (Li et al. 2004) , which implies that 5-HT may exert different functions during the lifespan. For example, whereas 5-HT facilitated the induction of long-term potentiation (LTP) in the visual cortex of adult rats (Vetencourt et al. 2008) , it was also involved in the age-dependent decline of N-methyl-D-aspartate (NMDA) receptor-dependent LTP (Edagawa et al. 2001; Kim et al. 2006) and long-term depression (LTD) (Jang et al. 2010 ) during the critical period (postnatal 3-5 wk in rat visual cortex).
In the cerebral cortex, ␥-aminobutyric acid (GABA)ergic transmission plays diverse roles in cortical function, such as network excitability (Marco et al. 1996) and plasticity (Hensch et al. 1998; Huang et al. 1999) . During postnatal development, GABAergic inhibition matures later than excitatory transmission in the neocortex, which may both initiate and terminate the critical period (for review see Jiang et al. 2005) . Because inhibitory influence is a crucial regulator for induction of long-term synaptic plasticity (Artola and Singer 1987; Hensch et al. 1998; Huang et al. 1999; Jang et al. 2009 ), modulation of GABAergic transmission could also regulate the induction of long-term synaptic plasticity. 5-HT is one of the important regulators of synaptic transmission. Many cellular and molecular mechanisms of serotonergic regulation of neurotransmission have been particularly well studied in the prefrontal cortex, which is one of the major targets of serotonergic fibers. For example, in isolated prefrontal cortical pyramidal neurons, activation of 5-HT 2 receptors inhibits GABA A receptors by activating protein kinase C (PKC) (Feng et al. 2001 ) and 5-HT 2A/C receptors counteract 5-HT 1A receptor-mediated suppression of NMDA receptors (Yuen et al. 2008) . 5-HT also increases GABAergic spontaneous inhibitory postsynaptic current (sIPSC) in pyramidal neurons (Tan et al. 2004 ) and facilitates LTD induction in the prefrontal cortex (Zhong et al. 2008 ). In the visual cortex, although it is supposed that the increase in inhibitory neurotransmission by 5-HT 2 receptors might be involved in serotonergic inhibition of the induction of LTP (Edagawa et al. 2000) , modulation of inhibitory synaptic transmission by 5-HT has not been directly tested. Furthermore, laminar-specific expression of 5-HT receptor subtypes (Dyck and Cynader 1993) may control GABAergic transmission in an input-specific manner, and thus contribute to layerspecific modulation of cortical circuits (Jiang et al. 2007; Kojic et al. 2001) .
In the present study, we examined the effect of 5-HT on GABAergic IPSCs evoked by electrical stimulation. Our results suggest that 5-HT 2 receptors facilitate GABA A ergic IPSCs postsynaptically via Ca 2ϩ /calmodulin-dependent kinase II (CaMKII) activated by Ca 2ϩ released from inositol 1,4,5-trisphosphate (IP 3 )-sensitive stores in layer 2/3 pyramidal neurons of the rat visual cortex. We further investigated the input-specific modulation of 5-HT on IPSCs.
MATERIALS AND METHODS
Slice preparation. Coronal slices of primary visual cortex were prepared from 5-wk-old Sprague-Dawley rats of either sex (Orientbio). Animal care and surgical procedures were approved by the Ethics Committee of the Catholic University of Korea and were consistent with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The animals were anesthetized with chloral hydrate (400 mg/kg ip) before decapitation, and the brains were quickly removed to ice-cold dissection medium. Coronal sections of the occipital cortex (300 m in thickness) were prepared on a vibrotome (Campden Instruments, Loughborough, UK) and allowed to recover in a submerging chamber for 40 min at 37°C. The slices were maintained at room temperature prior to recording. The dissection and storage medium consisted of (in mM) 125 NaCl, 2.5 KCl, 1 CaCl 2 , 2 MgSO 4 , 1.25 NaH 2 PO 4 , 25 NaHCO 3 , and 10 D-glucose, bubbled with 95% O 2 -5% CO 2 . The slices were transferred to the submerging chamber for recording and superfused continuously with artificial cerebrospinal fluid (ACSF, 1.5-2 ml/min), bubbled with carbogen at 32-33°C. The composition of ACSF was the same as that of the storage medium except for 2 mM CaCl 2 and 1 mM MgSO 4 .
Whole cell patch-clamp recording. Recording electrodes (3-5 M⍀) were pulled from borosilicate glass pipettes (1B150F-4, World Precision Instruments, Sarasota, FL) with a micropipette puller (model P-97, Sutter instrument, Novato, CA). Whole cell responses were recorded with a whole cell patch-clamp recording technique with an EPC8 amplifier (HEKA Elektronik, Lambrecht, Germany) and pCLAMP 9.0 software (Axon Instruments, Foster City, CA). Data were filtered at 5 kHz, sampled at 20 kHz, and saved to a computer hard drive (Pentium PC). In experiments for the recording of excitatory postsynaptic current (EPSC), pipettes were filled with a solution containing (in mM) 130 K-gluconate, 10 KCl, 4 Mg-ATP, 10 Na 2 -phosphocreatine, 0.3 Na 3 -GTP, and 10 HEPES (pH 7.25 with KOH). Pyramidal neurons in layer 2/3 of the primary visual cortex were visually identified by their pyramidal shape with infrared-differential interference contrast (IR-DIC) videomicroscopy with an upright microscope (BX50-WI fitted with a ϫ40/0.80 NA water immersion objective; Olympus, Tokyo, Japan), and their regular spiking patterns were confirmed in a current-clamp mode. Typical access resistance was 15-20 M⍀. Input resistance was measured by the injection of a negative current pulse (Ϫ50 pA). For the recording of IPSC and miniature IPSC (mIPSC), pipettes were filled with a CsCl-based solution containing (in mM) 145 CsCl, 4 Mg-ATP, 10 Na 2 -phosphocreatine, 0.3 Na 3 -GTP, 10 HEPES, and 3 QX-314 (pH 7.25 by CsOH). The calculated junction potentials for K-gluconate-and CsClbased pipette solutions were 14 and 4 mV, respectively, and were not corrected. To ACSF, 6,7-dinitroquinoxaline-2,3-dione (DNQX, 20 M) and D-(Ϫ)-2-amino-5-phosphonopentanoic acid (D-AP5, 50 M) were added to isolate IPSC. In some experimental sets, the GABA B receptor antagonist CGP 52432 (1 M) was also included in the bath solution. EPSC and IPSC were evoked by the application of extracellular stimulation (0.1 ms, every 30 s) with a glass pipette (ϳ20-m tip diameter) filled with ACSF on layer 4 in a voltageclamp mode. Stimulation intensities were adjusted to evoke 250 -500 pA of IPSC. After stable baseline responses were obtained for at least 10 min, 5-HT (10 M) was applied for 8 min to investigate the effects of 5-HT on isolated EPSC and IPSC and then washed out. To evaluate the changes in the kinetic features of IPSC, 10 -90% rise time and a decay time constant were assessed. The decay time constant was obtained by fitting the decay of IPSC with a single exponential function:
For the recording of mIPSC, tetrodotoxin (TTX, 1 M), DNQX (20 M), and D-AP5 (50 M) were added to ACSF. The threshold for the detection of mIPSC was set at 15 pA, since the root mean square (RMS) noise was 8 -13 pA (Mini Analysis Program, Synaptosoft, Decatur, GA). In an experimental set, sucrose solution (1 M) was puff-applied with a Picospritzer III (Parker Instrumentation, Cleveland, OH) via a glass pipette (5-m diameter, 5 psi, 50 -100 ms) to increase the incidence of mIPSC events in localized dendritic areas. The puff pipette tips were located at ϳ50 m from the soma to layer 4 or Ͼ100 m from the soma to layer 1. Only cells that showed more than a 2.5-fold increase in the frequency of mIPSC within 1.5 s of the application of sucrose were analyzed. For puff application of GABA (3 psi, 4 -5 ms), the pipette was located either near the soma (ϳ20 m) or in layer 1 (Ͼ200 m from the soma) with different concentrations of GABA (100 M and 10 mM, respectively). Ca 2ϩ imaging. Ca 2ϩ imaging was performed as previously described (Cho et al. 2008) . Briefly, fluorescence signals were collected at least 10 min after the cells were obtained with laser-scanning confocal microscopy (FV-300, Olympus; wavelengths for excitation and emission were 488 and 510 nm, respectively). Oregon Green 488 BAPTA-1 (OGB-1, 5 or 50 M; Molecular Probes, Eugene, OR) was included in the pipette solution as a Ca 2ϩ indicator. Backgroundcorrected baseline fluorescence intensity (F 0 ) was measured every 30 s for 500 ms. Ca 2ϩ transients evoked by somatic action potentials (APs), which were generated by a burst of brief (10 ms, 20 Hz) current injections into the soma, were measured. The fluorescence signals were obtained with the area-scan mode (every 17-24 ms). A 10-m square area was taken for the analysis. Fluorescence signals for Ca 2ϩ transient were expressed as the relative change in fluorescence
Drugs. The PKA inhibitor 6 -22 amide (PKI) was purchased from Calbiochem (La Jolla, CA). DNQX, D-AP5, bicuculline, CGP 52432, 8-hydroxy-N,N-dipropyl-2-aminotetralin (DPAT), 2-me-5-HT, 2,5-dimethoxy-4-iodoamphetamine (DOI), ketanserine, WAY 161503, SB 242084, chelerythrine, and autocamtide-2-related inhibitory peptide (AIP) were purchased from Tocris (Bristol, UK). Other chemicals were purchased from Sigma (St. Louis, MO).
Statistics. Data are expressed as means Ϯ SE. Statistical comparisons were performed with the paired or unpaired two-tailed Student's t-test, unless otherwise specified. The Kolmogorov-Smirnov test was used to compare cumulative plot data. When applicable, one-way repeated-measures ANOVA followed by Tukey's post hoc test was also used for multigroup comparisons. The level of significance was set at P Ͻ 0.05.
RESULTS

5-HT 2 receptor-dependent facilitation of IPSC.
We recorded the evoked IPSCs (eIPSCs) in layer 2/3 pyramidal neurons in the rat visual cortex (ϳ300 m from the pia) of 5-wk-old rats with stimulation of the underlying layer 4 (ϳ250 m from the soma). Resting membrane potential was Ϫ73.6 Ϯ 0.5 mV (n ϭ 65). Input resistance (92.8 Ϯ 1.6 M⍀), analyzed by the injection of a small negative current (Ϫ50 pA), was slightly lower than that obtained in 3-wk-old rats in our previous study (Cho et al. 2008) , which implies that the cells mature with age. IPSCs were obtained as inward currents at Ϫ75 mV of holding potential by using a CsCl-based internal solution (Fig. 1A) . Bath application of 5-HT (10 M) increased the amplitude of eIPSCs in ϳ70% of cells tested (8 of 11 cells), yielding an increase to 123.7 Ϯ 7.4% in the grand average of all tested cells (baseline: 343.8 Ϯ 26.5 pA, 5-HT application: 416.2 Ϯ 38.4 pA; n ϭ 11, P Ͻ 0.01). Rise time (10 -90%; baseline: 2.2 Ϯ 0.4 ms, 5-HT: 2.0 Ϯ 0.3 ms; P ϭ 0.08) and decay time constant (baseline: 24.3 Ϯ 2.4 ms, 5-HT: 22.1 Ϯ 2.7 ms; P ϭ 0.07) did not change significantly. Washout of 5-HT with normal ACSF abolished the effect of 5-HT (102.6 Ϯ 3.0% of baseline). The eIPSC appeared to be mediated by chloride current via GABA A receptors, because we used a Cs-based internal solution including QX-314 and ACSF including DNQX (20 M) and D-AP5 (50 M) in the bath. This was confirmed by a complete block of the current after the addition of bicuculline (10 M) into the bath ( Fig. 1 ; n ϭ 5, data not shown). The reversal potential of eIPSC was measured at 1.7 Ϯ 1.9 mV (n ϭ 6), similar to the calculated value of the chloride equilibrium potential (2.5 mV). With the additional inclusion of the GABA B receptor antagonist CGP 52432 in the bath solution, the application of 5-HT increased eIPSC by a similar amplitude (118.9 Ϯ 4.9%; n ϭ 8, P Ͻ 0.01 compared with baseline). In contrast, the amplitude of evoked EPSC (eEPSC) was not changed by the application of 5-HT (Fig. 1B) , where EPSC was also recorded at Ϫ75 mV of holding potential with a K-gluconate-based internal solution (99.7 Ϯ 5.1%; n ϭ 7, P ϭ 0.71). The stimulus intensity required to evoke EPSC (55.7 Ϯ 6.1 A) did not differ from that for IPSC (59.7 Ϯ 5.1 A; P ϭ 0.62). Thus 5-HT selectively facilitated GABA A ergic chloride currents evoked by synaptic stimulation of layer 4 in layer 2/3 pyramidal neurons of the rat visual cortex.
We next examined the changes in paired-pulse ratio (PPR) and mIPSC with the application of 5-HT. Paired-pulse stimulation of layer 4 at 50 Hz induced depressed amplitude of the second eIPSC. Bath application of 5-HT (10 M) increased the amplitudes of the first (119.3 Ϯ 6.2%; n ϭ 9, P Ͻ 0.05) and the second (121.2 Ϯ 7.6%; P Ͻ 0.05) eIPSC to a similar extent, resulting in no changes in the PPR (0.58 Ϯ 0.05 to 0.62 Ϯ 0.06; P ϭ 0.31) ( Fig. 2A) . Paired-pulse stimulation at 20 Hz also showed no changes in PPR (0.76 Ϯ 0.07 to 0.74 Ϯ 0.06; P ϭ 0.39). The amplitude of mIPSC was increased with the application of 5-HT (122.5 Ϯ 7.4%; n ϭ 11, P Ͻ 0.01), while the washout with normal ACSF abolished this change (Fig. 2B ). The cumulative probability plot was shifted rightward by the application of 5-HT (P Ͻ 0.001, Kolmogorov-Smirnov test). There were no changes in rise time (baseline: 0.83 Ϯ 0.04 ms, 5-HT: 0.83 Ϯ 0.03 ms; P ϭ 0.95) and decay time constant (baseline: 11.2 Ϯ 0.6 ms, 5-HT: 10.9 Ϯ 0.5 ms; P ϭ 0.64) of mIPSC. The frequency of mIPSC was also increased (data not shown), which might have resulted from increased event detection. These results suggest that the facilitating effect of 5-HT on GABA A ergic inhibitory neurotransmission is mainly postsynaptic in layer 2/3 pyramidal neurons, with no changes in the activation and deactivation kinetics of GABA A receptors.
We then examined which receptor subtypes mediated the 5-HT facilitation of eIPSC (Fig. 3) . The 5-HT 1A receptor agonist DPAT (10 M) and the 5-HT 3 receptor agonist 2-me-5-HT (30 M) failed to change the amplitude of eIPSC [102.2 Ϯ 3.4% (n ϭ 8, P Ͻ 0.05 vs. 5-HT) and 98.8 Ϯ 1.3% (n ϭ 8, P Ͻ 0.05 vs. 5-HT), respectively]. In contrast, the 5-HT 2 receptor agonist DOI (10 M) mimicked the effect of 5-HT (120.2 Ϯ 4.4%; n ϭ 10). The rise time (1.9 Ϯ 0.2 ms to 1.9 Ϯ 0.2 ms with DOI; P ϭ 0.56) and decay time constant (27.1 Ϯ 2.3 ms to 26.8 Ϯ 1.8 ms with DOI; P ϭ 0.69) did not change significantly. Coapplication of mesulergine (10 M), a selective 5-HT 2 receptor antagonist, abolished the effect of 5-HT (98.4 Ϯ 1.9%; n ϭ 8, P Ͻ 0.05 vs. 5-HT). While the selective 5-HT 2C receptor agonist WAY 161503 (10 M) mimicked the effect of 5-HT (114.9 Ϯ 6.4%; n ϭ 10), the selective 5-HT 2C receptor antagonist SB 242084 (100 nM) abolished the effect of 5-HT (103.3 Ϯ 2.9%; n ϭ 9, P Ͻ 0.05 vs. 5-HT). Ketanserine (100 nM), a selective 5-HT 2A receptor antagonist, also inhibited the effect of 5-HT (104.1 Ϯ 2.3%; n ϭ 9, P Ͻ 0.05 vs. 5-HT). These results suggest that both 5-HT 2A and 5-HT 2C receptors are involved in the facilitation of GABA A ergic synaptic transmission in postsynaptic layer 2/3 pyramidal neurons in the rat visual cortex.
Facilitation of IPSC by intracellular Ca 2ϩ released from IP 3 -sensitive stores. 5-HT 2 receptors activate G q proteins coupled to phospholipase C (PLC), which generates IP 3 and then releases Ca 2ϩ from IP 3 -sensitive stores. An increase in intracellular Ca 2ϩ activates a diverse array of downstream pathways. We therefore included the high-affinity Ca 2ϩ chelator BAPTA (10 mM) in the internal solution, to examine whether intracellular Ca 2ϩ is involved in the 5-HT facilitation of IPSC. Whereas the amplitude of eIPSC did not change significantly throughout the experiment with a normal internal solution (95.4 Ϯ 2.6%; n ϭ 6, P ϭ 0.43), eIPSC decreased gradually with BAPTA-containing internal solution and reached a stable amplitude 15-20 min after the perforation, when the amplitude of eIPSC was 72.3 Ϯ 2.1% of the initial amplitude (n ϭ 7, P Ͻ 0.01) (Fig. 4A) . This result suggests that basal Ca 2ϩ level and certain Ca 2ϩ -dependent processes are important in the maintenance of eIPSC (Aguayo et al. 1998) . Inclusion of the IP 3 receptor blocker heparin (1 mg/ml) or the ryanodine receptor blocker dantrolene (10 M) in the pipette did not change the baseline amplitude of eIPSC [92.6 Ϯ 2.5% (n ϭ 7, P ϭ 0.07) and 108.6 Ϯ 3.1% (n ϭ 7, P ϭ 0.11), respectively]. In another set of experiments (Fig. 4B) , the application of 5-HT failed to facilitate eIPSC in cells recorded with BAPTA-containing pipette solution (103.2 Ϯ 1.9%; n ϭ 8, P ϭ 0.14). In addition, the inclusion of heparin in the pipette solution inhibited the 5-HT facilitation of eIPSC (98.2 Ϯ 3.3%; n ϭ 9, P ϭ 0.59), while dantrolene or ruthenium red, ryanodine receptor blockers, did not [115.1 Ϯ 5.0% (n ϭ 8, P Ͻ 0.05) and 120.6 Ϯ 4.7% (n ϭ 8, P Ͻ 0.01), respectively]. mIPSC was also examined in cells recorded with BAPTA-containing pipette solution (Fig. 4C) . Because the amplitude of mIPSC reached a stable level ϳ15 min after recording (25.6 Ϯ 1.3 pA; n ϭ 10), 5-HT was applied thereafter. The application of 5-HT failed to increase the amplitude of mIPSC in this experimental condition (25.2 Ϯ 0.9 pA; P ϭ 0.21). The frequency of mIPSC was also not affected by 5-HT (data not shown). Taken together, these results suggest that IP 3 -mediated increases in intracellular Ca 2ϩ are involved in the 5-HT facilitation of IPSC in postsynaptic cells.
The next experiment further characterized the involvement of Ca 2ϩ in 5-HT facilitation of IPSC by using confocal Ca 2ϩ imaging (Fig. 5) . After a stable baseline fluorescence was obtained (at least 15 min after perforation), DOI (20 M) was bath-applied for about 10 min. However, we observed no changes in baseline fluorescence with the application of DOI when the high-affinity Ca 2ϩ indicator OGB-1 was used at a low concentration (50 M) (data not shown). Therefore, we further tested the effect of DOI at a very low concentration of OGB-1 (5 M). Although a low fluorescence intensity allowed us to access only the soma, the application of DOI increased the baseline fluorescence intensity (128.8 Ϯ 3.4%; n ϭ 6, P Ͻ 0.001). Furthermore, intermittent generation of somatic APs (3 APs at 20 Hz) with current injection also evoked the secondary Ca 2ϩ transients in the presence of DOI (Fig. 5B) , which may indicate IP 3 -assisted Ca 2ϩ -induced Ca 2ϩ release (Cho et al. 2008; Nakamura et al. 2000) . Washout of DOI with normal ACSF partially reverted the elevated fluorescence intensity to the baseline level (116.3 Ϯ 2.4% of the baseline; n ϭ 6, P Ͻ 0.01 compared with DOI) and failed to evoke the secondary Ca 2ϩ transients. In contrast, inclusion of heparin in the pipette solution in this experimental setting abolished the increase in baseline fluorescence intensity (101.1 Ϯ 0.8%; n ϭ 3, P ϭ 0.34) as well as the secondary Ca 2ϩ transients in the presence of DOI. These results suggest that the activation of 5-HT 2 receptor generates IP 3 and increases intracellular Ca 2ϩ in the soma.
Involvement of CaMKII. In the next experiment, we examined the downstream molecular pathways that may be involved in the facilitation of IPSC. GABA A receptor subunits contain consensus sequences for phosphorylation by protein kinases including cAMP-dependent protein kinase (PKA), PKC, CaM-KII, and Src family tyrosine kinases (Hinkle and Macdonald 2003; Houston et al. 2009; Song and Messing 2005; Tretter and Moss 2008) . We investigated the involvement of these kinases in the facilitation of IPSC by 5-HT. Inclusion of KN-93 (10 M), a CaMKII inhibitor, in the pipette solution gradually decreased the baseline eIPSC, while the PKC inhibitor chelerythrine (50 M), the tyrosine kinase inhibitor genistein (100 M), and the PKA inhibitor PKI (100 g/ml) did not (Fig. 6A ). This result suggests that endogenous CaMKII activity might tightly regulate the activity of GABA A receptors. Consistent with this result, in the next experiment (Fig. 6B ) the facilitation of eIPSC by the application of DOI (10 M) was completely blocked by the CaMKII inhibitors KN-93 (96.2 Ϯ 2.9%; n ϭ 9, P ϭ 0.18) and AIP (1 M, 98.5 Ϯ 2.4%; n ϭ 9, P ϭ 0.53) but not by chelerythrine (118.8 Ϯ 6.8%; n ϭ 8, P Ͻ 0.05), genistein (115.7 Ϯ 4.5%; n ϭ 8, P Ͻ 0.05), and PKI (118.3 Ϯ 4.5%; n ϭ 9, P Ͻ 0.01). Together with the results in Fig. 5 , these results imply that CaMKII might be activated with increased Ca 2ϩ released from IP 3 -sensitive stores by the activation of 5-HT 2 receptors.
Layer-specific facilitation of IPSC by 5-HT. Layer-specific cholinergic (Cho et al. 2008; Gil et al. 1997 ) and adrenergic (Salgado et al. 2011 ) modulation has been reported in layer 2/3 pyramidal neurons, which might be important in the inputspecific modulation of cortical circuits. Thus we investigated the subcellular domain dependence of 5-HT facilitation on IPSC. To this end, another synaptic stimulation was applied to transients evoked by a somatic action potential (AP) burst (3 APs at 20 Hz) at the time indicated with numbered arrows. Note that secondary Ca 2ϩ release (arrowhead) was evoked in the presence of DOI. C: summary plots of effect of DOI (n ϭ 6) and DOI ϩ heparin (n ϭ 3) on baseline fluorescence in the soma. ***P Ͻ 0.001 compared with baseline. Fig. 4 . Involvement of increase in intracellular Ca 2ϩ . A: time course plot of the changes of eIPSC amplitude. Plot shows the stability of the relative amplitude of eIPSC in the presence of BAPTA (10 mM; n ϭ 7), heparin (1 mg/ml; n ϭ 7), and dantrolene (10 M; n ϭ 7) in the pipette solution. IPSC was evoked every 30 s. B: effect of intracellular BAPTA, heparin, dantrolene, and ruthenium red on 5-HT facilitation of eIPSC. Representative time course plots and averaged waveforms at the time indicated with numbers are shown for each agent (scale bars: 100 pA and 20 ms). Bottom right: summary plot of the effect of BAPTA (n ϭ 8), heparin (n ϭ 9), dantrolene (n ϭ 8), and ruthenium red (n ϭ 8). *P Ͻ 0.05, **P Ͻ 0.01 compared with baseline. C: inhibition of 5-HT facilitation on mIPSC by intracellular BAPTA. Left: representative recording. 5-HT was applied 15 min after obtaining the cell, when mIPSCs were stabilized. Top right: cumulative probability plot of the amplitude of mIPSC. Plot was not shifted by application of 5-HT (P ϭ 0.32 vs. 15 min, Kolmogorov-Smirnov test). Bottom right: summary of effect of 5-HT in cells loaded with BAPTA (n ϭ 10). ***P Ͻ 0.001 compared with 5 min. layer 1 above the recorded cells. The amplitude of IPSC evoked by the simultaneous stimulation of layer 4 and layer 1 was not different from the arithmetic sum of IPSC evoked by the stimulation of each layer (n ϭ 7, P ϭ 0.12) (Fig. 7A) . While paired-pulse stimulation of each layer showed depression in the second IPSCs, cross-paired stimulation (Gil et al. 1997 ) exhibited little depression (Fig. 7B) . Stimulation of layer 1 induced IPSPs with a slower rise time (3.7 Ϯ 0.3 ms; P Ͻ 0.01) and decay time constant (34.6 Ϯ 2.1 ms; P Ͻ 0.01) than those found with layer 4 stimulation, which might be due to dendritic filtering (Maccaferri et al. 2000) or the recruitment of different subtypes of inhibitory interneurons (Tamas et al. 1997) . These results suggest the independence of layer 4 and layer 1 inputs. The application of DOI increased the amplitude of IPSC evoked by the stimulation of layer 4 to levels similar to those observed in the earlier experiments (119.2 Ϯ 5.5%; n ϭ 8, P Ͻ 0.05), while it failed to increase IPSC evoked by the stimulation of layer 1 (98.2 Ϯ 4.2%; n ϭ 8, P ϭ 0.53) (Fig.  7C) . Cross-paired stimulation also showed consistently differential modulation between IPSPs evoked by the stimulation of layers 1 and 4 with the application of DOI (Fig. 7D) . In distal dendrites, incomplete clamping could depolarize membrane by GABAergic currents in our experimental setting. In this case, GABA A receptors might be modulated by the increase in intracellular Ca 2ϩ (Aguayo et al. 1998 ). Thus we examined the effects of 5-HT on hyperpolarizing IPSC in cells clamped at Ϫ55 mV with a K-gluconate-based solution. Consistently, 5-HT failed to increase the amplitude of IPSC evoked by layer 1 stimulation (97.6 Ϯ 4.2%; n ϭ 7, P ϭ 0.29). Thus these results suggest that 5-HT might facilitate GABA A ergic IPSC in an input-specific manner.
In the subsequent experiment, we measured mIPSC enhanced by puff application of sucrose solution into layer 4 and layer 1 in the presence of TTX (Fig. 8) . Puff application of sucrose solution (1 M, 5 psi, 50-to 100-ms duration, every 2 min) enhanced the frequency and the amplitude of mIPSC stably for ϳ1.5 s when applied in layer 4. Upon the bath application of DOI, the amplitude of the sucrose-enhanced mIPSC (120.6 Ϯ 4.9%; n ϭ 7, P Ͻ 0.01) as well as the nonenhanced basal mIPSC (119.5 Ϯ 4.5%; P Ͻ 0.01) increased. Washout of DOI with normal ACSF restored these increases to baseline levels [100.8 Ϯ 2.7% (P ϭ 0.75) and 96.1 Ϯ 4.6% (P ϭ 0.38), respectively]. In contrast, in layer 1 stimulation, the application of DOI failed to increase the amplitude of mIPSC enhanced by puff application of sucrose (102.4 Ϯ 1.3%; n ϭ 8, P ϭ 0.10), while it did increase the amplitude of the basal mIPSC (116.1 Ϯ 4.2%; P Ͻ 0.01). These results suggest the subcellular domain-dependent facilitation of IPSCs by 5-HT, which might be important in the layer-specific modulation of cortical circuits by 5-HT.
We further addressed layer-specific 5-HT facilitation of IPSC by examining currents evoked by puff-applied GABA in layer 1 and in the vicinity of the soma (Fig. 9) . The amplitude of currents evoked by puff-applied GABA (10 M) ϳ20 m from the soma were increased by the application of 5-HT (124 Ϯ 6.2%; n ϭ 9, P Ͻ 0.01). Intracellular BAPTA (10 mM) and AIP (1 M) abolished the increase by the application of 5-HT [98.3 Ϯ 2.6% (n ϭ 7) and 102.6 Ϯ 1.8% (n ϭ 7), respectively]. These results confirm that intracellular calcium and CaMKII were involved in the postsynaptic facilitation of IPSC by 5-HT. In contrast, 5-HT failed to increase current evoked by puff-applied GABA (10 mM) in layer 1 (96.2 Ϯ 1.5%; n ϭ 7), which further supports the subcellular domaindependent facilitation of IPSCs by 5-HT.
DISCUSSION
Variable effects of 5-HT in the cortex.
We demonstrated that 5-HT facilitated GABA A receptor-mediated synaptic transmission, which was mediated by the activation of 5-HT 2 receptors, generation of IP 3 , release of Ca 2ϩ from IP 3 -sensitive stores, and activation of CaMKII in layer 2/3 pyramidal neurons of the rat visual cortex. In a previous study, 5-HT inhibited GABA A currents evoked by exogenous GABA via 5-HT 2 receptors, PLC, and PKC in isolated rat prefrontal pyramidal neurons (Feng et al. 2001 ). On the other hand, the release of intracellular Ca 2ϩ potentiated IPSCs in cerebellar Purkinje cells (Hashimoto et al. 1996) . In the present study, we confirmed an increase in intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ), which could be resolved by using a very low concentration of OGB-1 (5 M), whereas Feng et al. (2001) A: stability plot of eIPSC amplitude. KN-93 (10 M; n ϭ 9), chelerythrine (100 M; n ϭ 8), genistein (100 M; n ϭ 8), and PKA inhibitor 6 -22 amide (PKI, 100 g/ml; n ϭ 9) were included in pipette solution. B: representative time course plot of eIPSC amplitude with application of DOI in cells patched with KN-93 (left)-and chelerythrine (right)-containing solution. Top: averaged IPSCs. Scale bars: 100 pA and 20 ms. C: changes of eIPSCs by DOI in cells treated with KN-93 (n ϭ 9), autocamtide-2-related inhibitory peptide (AIP, 1 M; n ϭ 9), chelerythrine (n ϭ 8), PKI (n ϭ 9), and genistein (n ϭ 8). *P Ͻ 0.05, **P Ͻ 0.01 compared with baseline.
BAPTA (10 mM) and a CaMKII inhibitor reduced the baseline IPSC, implying that GABA A receptors might be modulated by basal CaMKII activity and [Ca 2ϩ ] i . A different cellular state might result in the inhibition of GABA A current by PKC activation (Feng et al. 2001 ). In addition, the modulatory effects of 5-HT on cortical functions are highly variable in many brain regions, because of diverse subcellular localization in excitatory and inhibitory neurons with 14 subtypes of 5-HT receptors. For example, 5-HT increased amplitude by ϳ100% and frequency by ϳ350% of sIPSC in prefrontal cortical pyramidal neurons (Tan et al. 2004) . We also observed increases in amplitude by 38.3 Ϯ 8.9% (n ϭ 5) and frequency by 43.2 Ϯ 7.9% of sIPSC with the application of 5-HT in the visual cortex, which is larger than the increases in the amplitude of eIPSC and mIPSC in the present study but smaller than those of sIPSC in the prefrontal cortex. Thus, in addition to the postsynaptic facilitation of 5-HT, presynaptic modulation appears also to exist in the visual cortex, but much weaker than that in prefrontal cortex. In our previous study, a Ͻ20% change in the inhibitory component of evoked potentials was critical in the induction of LTP and LTD in the visual cortex (Jang et al. 2009 ). Thus we speculate that facilitation of GABA A ergic IPSC by CaMKII activation might be physiologically important at resting [Ca 2ϩ ] i or with a small increase in [Ca 2ϩ ] i . Among the three 5-HT 2 receptor subtypes, 5-HT 2A and 5-HT 2C receptors are present in the visual cortex. 5-HT 2A receptors are predominantly localized in layers 2/3, 4, 5, and 6 (Cornea-Hébert et al. 1999) , and the expression increases during postnatal development toward P21 (Li et al. 2004) . In contrast, the high expression level of 5-HT 2C receptors in layers 4 and 5 at P3 declined in the rat neocortex after P21, and they were not detected in layers 2/3 and 4 (Li et al. 2004 ). Dissociated from these immunohistochemical studies, in the present study using 5-wk-old rats, both 5-HT 2A and 5-HT 2C receptors were functional in the regulation of GABA A ergic IPSC. Since there are inconsistencies in cellular localization of 5-HT 2 receptors between studies using different antibodies (McDonald and Mascagni 2007) , further studies using knockout mice-validated anti-5-HT 2 receptor antibodies for cellular localization (Weber and Andrade 2010) remain to be performed in the visual cortex. The cellular variability in the expression of 5-HT 2 receptors (Moreau et al. 2010 ) might be responsible for the failure of the 5-HT facilitation in ϳ30% of the cells in the present study.
Modulation of GABA A receptors by Ca 2ϩ and CaMKII. Modulation of GABA A currents and IPSC depends on the subunit composition of ␤-and ␥-subunits to be phosphorylated by various kinases as well as subcellular localization of each subunit. Phosphorylation of the Ser409 in ␤1-subunits by PKA in CA1 pyramidal neurons (Poisbeau et al. 1999 ) and HEK293 cells (Brandon et al. 2002; McDonald et al. 1998) or by PKC (Krishek et al. 1994 ) decreased GABA A currents. In contrast, phosphorylation of the Ser408 in ␤3-subunits by PKC in dentate granule cells increased GABA A currents (Poisbeau et al. 1999) . PKC also decreased GABA A currents by phosphorylation of the Ser327 in ␥2-subunits in pyramidal neurons of the prefrontal cortex (Feng et al. 2001) . In addition to these sites, CaMKII phosphorylated Ser384 in ␤1-subunits, Ser410 in ␤2-subunits, Ser383 in ␤3-subunits, Ser348 and Thr350 in ␥2S/L-subunits, and Ser343 in ␥2L subunits (for review see Houston et al. 2009 ). Among these phosphorylation sites, Ser383 in ␤3-subunits may be the main site for CaMKII modulation, which potentiated GABA A currents in NG108-15 and cerebellar granule cells (Houston et al. 2007 ). In addition, phosphorylation of the Tyr365 and Tyr367 in the ␥2S-subunit by tyrosine kinases, activated by CaMKII, also potentiated GABA A currents (Houston et al. 2007 ). However, in cerebellar granule cells, phosphorylation of ␤2-subunits increased IPSC amplitude, while phosphorylation of ␤3-subunits increased IPSC duration (Houston et al. 2008) . In the present study, CaMKII was involved in 5-HT-mediated postsynaptic modulation of evoked IPSC, with increased amplitude. Thus synaptic GABA A receptors containing ␤2-subunits might be integrally involved in 5-HT facilitation in layer 2/3 pyramidal neurons of the rat visual cortex. However, because synaptic GABA A receptors incorporate ␤3-subunits, and extrasynaptic GABA A receptors contain ␤2-subunits in mouse dentate gyrus granule cells (Herd et al. 2008) , further studies on the expression of GABA A receptor subtypes and their synaptic localization are required for a more complete understanding of the modulation of inhibitory transmission in cortical pyramidal neurons. CaMKII-␣ is highly expressed in the pyramidal neurons of layer 2/3 in the rat visual cortex (Burgin et al. 1990 ) but not in GABA-containing inhibitory neurons (Liu and Jones 1996) . Although CaMKII-␣ is absent in the postsynaptic site of inhibitory synapses (Liu and Jones 1996) , activated CaMKII-␣ appears to translocate to inhibitory synapses (Marsden et al. 2010 ) and then to increase the surface expression of GABA A receptors (Marsden et al. 2010; Wei et al. 2004 ). Thus, in addition to the phosphorylation of GABA A receptors, their expression in the postsynaptic membrane might be increased by CaMKII activation.
Layer-specific regulation of inhibitory inputs. In a recent study, the blocking of 5-HT 2A receptors differentially modulated inhibitory conductance depending on the stimulated layers in rat visual cortical layer 5 pyramidal neurons (Moreau et al. 2010) . In the present study, we showed that the postsynaptic modulation of GABA A ergic IPSC by 5-HT was layer specific in layer 2/3 pyramidal neurons. Although proximal apical dendrites show strong immunoreactivity for 5-HT 2A receptors with moderate expression in the soma of the pyramidal neu- Fig. 9 . Layer-specific facilitation of 5-HT on inward current evoked by exogenous GABA. A: effect of 5-HT (10 M) on inward currents evoked by puff-applied GABA near the soma (ϳ20 m from soma) in control (top) and in the presence of AIP (1 M) in the pipette solution (bottom). B: effect of 5-HT on inward currents evoked by puff-applied GABA in layer 1. C: summary plot of the effect of 5-HT on somatic GABA currents in control (Con, n ϭ 9) and in the presence of BAPTA (10 mM, n ϭ 7) or AIP (n ϭ 7) in the pipette solution and on distal dendritic GABA currents (distal dendrite; n ϭ 7). *P Ͻ 0.05, **P Ͻ 0.01 compared with control. rons, 5-HT 2A receptors appear to be expressed mainly in cytoplasm (Cornea-Hébert et al. 1999; Jakab and GoldmanRakic 1998) . A recent study also suggested either faint expression or the lack of expression of 5-HT 2A receptors in the apical trunk of the pyramidal cells in the cortex (Weber and Andrade 2010) . Thus binding to membrane-expressed 5-HT 2A receptors in apical dendrites might not be strong enough to induce Ca 2ϩ release from IP 3 -sensitive stores. Furthermore, the differential nature of IP 3 receptors and Ca 2ϩ stores (Jacob et al. 2005; Power and Sah 2007) between the soma and the dendritic trees might also be important in the subcellular domain-specific modulation of the 5-HT facilitation of IPSC.
Axon terminals from some GABAergic interneurons (small basket and chandelier cells) make multiple synaptic contacts on the soma and in its vicinity including the axon initial segment of pyramidal neurons, exerting a powerful effect on the generation of APs, while other interneurons (double bouquet, neurogliaform, or Martinotti cells) send outputs to dendritic trees, regulating local dendritic excitability (Kawaguchi and Kubota 1997; Somogyi et al. 1998) . Postnatal maturation of perisomatic inhibition mediated by fast-spiking parvalbuminpositive interneurons is critical in synaptic and ocular dominance plasticity during the critical period and dark exposure (Chattopadhyaya et al. 2007; Di Cristo et al. 2007; Huang et al. 2010) . In the present study, confocal Ca 2ϩ imaging showed an increase in baseline Ca 2ϩ levels in the soma by the activation of 5-HT 2 receptors. We have also demonstrated layer-specific, and thus subcellular domain-specific, facilitation of IPSC by the activation of 5-HT 2 receptors. Thus 5-HT 2 receptor activation might selectively facilitate perisomatic inhibitory inputs from fast-spiking basket cells and chandelier cells, which is critical to oscillation and the generation of APs, respectively, while sparing the inputs from the other subtypes of inhibitory interneurons.
It appears that the basal dendrites of layer 2/3 pyramidal neurons are the major target of the bottom-up pathway from the thalamus and layer 4, while distal apical dendrites receive excitatory inputs from other cortical areas and nonspecific thalamic nuclei (Cauller and Connors 1994; Petreanu et al. 2009 ). In addition to the excitatory inputs, inhibitory inputs to excitatory neurons came largely from the same cortical layer (Katzel et al. 2011) . Thus the layer-specific modulation of inhibitory transmission by 5-HT in the present study and by norepinephrine (Salgado et al. 2011 ) might be an important factor in pathway-specific information processing. 
